Salmonella typhimurium ATCC 7136 exhibited major changes in lipid composition when grown in the presence of either 0.15% sodium deoxycholate or 0.15% sodium benzoate. These lipophilic compounds had directly opposing effects on the lipid profile of the organism. The saturated/unsaturated ratio was markedly elevated in benzoate-grown cells. On the other hand, it was depressed by an even greater margin from the control after growth in the presence of deoxycholate. Adjustments in the phospholipid content of the cells were also recorded. Phosphatidylethanolamines decreased by 28 and 50% in the deoxycholate-and benzoate-grown cells, respectively. Compensatory increases in phosphatidylglycerols of 87.5 and 175% occurred, along with increases in cardiolipins of 12-and 22- fold, respectively. Deoxycholate or benzoate supplementation also altered the relative distribution of neutral lipids; again, benzoate stimulated the greater change. Compositional changes were accompanied in the organism by increased heat sensitivity, but the effect on the susceptibility of S. typhimurium to injury varied with the physical properties of the supplement used.
Thermal injury and recovery in nonsporeforming bacteria has been the subject of much research, and many of the sensitive metabolic sites within the cell have been documented. Thermal damage has been associated with the degradation of RNA and DNA (6, 23, 28) , alteration in enzyme activities (29) and solute transport kinetics (8) , the composition of the cell wall (15, 17) , and release of lipopolysaccharide from the outer membrane (14) . Much of the information leading to our understanding of thermal injury has been determined by observing the molecular processes that occur after injury; this information has been collated in recent reviews (1, 16) . It has been reported that there is a substantial qualitative and quantitative alteration in the membrane fatty acid synthesized by injured cells of Salmonella typhimurium, although there was little or no loss of lipid material from the cells during heating (30) . There is also a large amount of indirect evidence that the cytoplasmic membrane is a site of injury and repair in gram-negative bacteria (1, 22) .
There have been a few reports that alterations in the membrane fatty acid composition have resulted in changes in the organism's susceptibility to heat. Hausen and Skadhange (11) have demonstrated an altered heat resistance in Esch-erichia coli grown at different temperatures and, therefore, with altered membrane fatty acid profiles. Vibrio parahaemolyticus grown at different temperatures and at different sodium chloride concentrations showed alterations in membrane fatty acid profile which correlated with an altered response to subsequent heat treatment (1) .
The temperature and composition of the growth medium have been shown to affect the fatty acid composition of many microorganisms (5, 7, 19, 20) . Ingram (18) reported on the changes in the fatty acid and phospholipid components of E. coli cells grown in the presence of sublethal concentrations of a variety of organic solvents and food additives. These changes in fatty acid profiles were consistent with the hypothesis that cells adapted their membrane lipids to compensate for the alteration in the medium composition or the temperature of incubation. Homeoviscous adaptation has been used to describe this mechanism by which organisms attempt to avoid excessive order or fluidization of membrane lipids. The change is brought about substantially by alteration of the relative abundance of membrane saturated and unsaturated fatty acids (27) .
The purpose of this study was to investigate the changes brought about in the membrane complex lipid and fatty acid composition of S. typhimurium grown in the presence of sodium benzoate and sodium deoxycholate and to ob-serve any alteration in the extent of thermal injury induced by such a change in membrane lipid composition.
MATERIALS AND METHODS Organism and medium. S. typhimurium ATCC 7136 was grown in a citrate salts minimal (CM) medium. Frozen stock cultures were prepared by inoculating 0.1 ml of an actively growing culture into 10 ml of CM medium without trace metals and freezing at -20°C (28) .
Frozen stock cultures were used to inoculate the CM medium, which was incubated at 35°C for approximately 18 h in a Psychrotherm (New Brunswick Scientific Co., Edison, N.J.). This culture was used after dilution in sterile CM medium as the inoculum for the final growth medium. The cell density upon inoculation was approximately 106 cells per ml.
The growth studies were carried out in 250-ml capped Erlenmeyer flasks containing 100 ml of CM medium, and growth was followed turbidimetrically at 600 nm, using a Spectronic 20 spectrophotometer (Bausch & Lomb, Inc., Rochester, N.Y.). When larger quantities of cells were required for chemical analysis, growth was carried out in 500-ml Erlenmeyer flasks containing 200 ml of medium.
To observe the response of the organism to two lipophilic compounds, sodium benzoate and sodium deoxycholate, the CM medium was modified as follows. Sodium benzoate (Fisher Scientific Co., Fair Lawn, N.J.) was prepared as a stock solution (1.5% [wt/vol] in distilled water) and filter sterilized (0.22 ,um; Millipore Corp., Bedford, Mass.). Appropriate volumes were added to presterilized, cool CM medium as required. Sodium deoxycholate (Fisher Scientific), as required, was added directly to the growth medium at the desired concentration before heat sterilization.
Thermal injury and enumeration. Cells of S. typhimurium from a 200-ml culture were harvested in the late logarithmic phase by centrifugation at 8,000 x g for 10 min at 4°C. The pellet was washed once in 100 mM potassium phosphate buffer (pH 6.0), centrifuged, and suspended in 5 ml of buffer. For injury, the cells were held at 48°C for 30 min by adding 5 ml of cell suspension to 195 ml of pretempered buffer under constant agitation. The assay procedure was a modification of the dual plating procedure previously reported (28) . At various time intervals, samples were withdrawn and diluted appropriately in 0.1% peptone. One-tenth milliliter of a required dilution was surface plated on the CM medium containing 1% peptone and 1% sodium pyruvate (CMPP) and on Levine eosin methylene blue agar (Difco Laboratories, Detroit, Mich.) plus 2% NaCl (EMB-NaCI).
The CMPP plates were incubated for 24 h at 35°C and the EMB-NaCl plates were incubated for 48 h at 35°C before enumeration. Colony-forming units on CMPP served as a measure of the total viable population, whereas those on EMB-NaCl estimated the uninjured population.
Lipid extraction. Cells of S. typhimurium were harvested by centrifugation, and the pellet was washed once with sterile distilled water, centrifuged, and suspended in 10 ml of 10o cold trichloroacetic acid. The method of Bligh and Dyer (2) was used for the extraction of total lipid. To the trichloroacetic acid suspension was added 22 ml of distilled water, 80 ml of methanol, and 40 ml of chloroform. All solvents used were distilled in glass. The mixture was stirred for 90 min. After stirring, 40 ml of chloroform and 40 ml of distilled water were added to the suspension and the phases were separated. Clarification of the phases was achieved with methanol. The chloroform phase was removed and the aqueous phase was extracted three times with 80-mi aliquots of chloroform. The chloroform extracts were pooled and dried over anhydrous sodium sulfate. The volume was reduced in a rotary evaporator under vacuum, transferred to a screw-cap vial in 10 ml of 19:1 (vol/vol) chloroform-methanol, and stored under nitrogen in a freezer at -20°C until analysis.
Thin-layer chromatographic analysis of complex lipids. Lipids were analyzed with thin-layer chromatography, using a method described elsewhere (31) . Silica gel GF plates (20 by 20 cm) were purchased from Analtech (Newark, Del.). All solvents were distilled in glass (Burdick and Jackson, Muskegon, Mich. With the addition of sodium deoxycholate to the CM medium, there was little alteration in the growth response or final cell yield at any of the concentrations tested. The concentration range used was 0 to 0.5% (Fig. 2) .
On the basis of this information, for all further experiments it was decided to use 0.15% sodium benzoate or 0.15% sodium deoxycholate, since they represented concentrations that had only a minimal effect on the growth of S. typhimurium under normal growth conditions. Estimation of thermal injury. The data presented in Fig. 3 show the response of S. typhimurium grown in the presence of sodium benzoate or sodium deoxycholate and exposed at 48°C for 30 min. CMPP agar was used to enumerate total viable numbers since it was shown to be slightly more productive than Trypticase soy agar (BBL Microbiology Systems, Cockeysville, Md.) plus 0.25% citrate. Brewer et al. (3) reported that the use of pyruvate increased the enumeration of heat-stressed Staphylococcus aureus. Uninjured cells were enumerated on the EMB-NaCl medium.
Cells grown in the CM medium showed the typical response to thermal stress at 48°C. The counts on CMPP remained constant during the heating period. There was no decline in numbers that would suggest a loss in viability during the 30-min heating time. The same cells plated on EMB-NaCl showed a rapid decline in viability, with >99.9% of the population being thermally injured after 30 min.
Cells of S. typhimurium grown in the presence of 0.15% sodium benzoate showed a profile similar to that of the control. After 30-min heating there was a small amount of death, as shown by a decline in numbers on the CMPP medium. The amount of thermal injury observed was greater in these cells than in the control.
Cells of S. typhimurium grown in the presence of sodium deoxycholate were more sensitive to heat, as measured by their loss in viability in CMPP after 30 min of heating. However, the cells showed less heat injury as measured by the colony-forming units in EMB-NaCl.
Membrane lipid composition. (Fig. 4) . Phospholipids accounted for 85% of the total lipid in these cultures, the remainder being glyc- erides, other esters, and nonesterified acids (Fig. 5) . Unsupplemented controls contained 72% phosphatidylethanolamine (mass percentage), 8% phosphatidylglycerol, 6% phosphatidylserine, and smaller amounts of other phospholipids. Phospholipids of cells grown with sodium deoxycholate contained reduced levels of phosphatidylethanolamine, 52%; with compensatory increases in phosphatidylglycerol, 15%; methylated phosphatidylethanolamines, mono-and di-, 8%; and 5% phosphatidic acid. Cells grown in the CM medium with benzoate addendum made qualitatively similar changes in phospholipid composition as in the case of deoxycholate cells, but to a larger extent. Phosphatidylethanolamine decreased to 36 from 72%, with phosphatidylglycerol increasing nearly threefold from 8 to 22% over controls. The The addition of deoxycholate or benzoate to batches of Salmonella also altered glyceride metabolism (Fig. 5) . Neutral lipid composition of a typical, unsupplemented control culture consisted of 55% esterified fatty acid, 17% nonesterified fatty acids, 22% mono-, di-, and triglycerides, and 2% material with sterol-like mobility. Cellular lipids in cultures grown with deoxycholate addition synthesized a similar level of esterified fatty acid, 52%; somewhat more mono-, di-, and triglycerides, 25%; less nonesterified fatty acid, 12 versus 17%; but 5% sterol, compared with 2%. lipid composition occurred in the presence of benzoate. The profile of lipids consisted of 40% esterified fatty acid; 28% nonesterified fatty acid; 30% mono-, di-, and triglycerides; and <2% of sterol-like material. DISCUSSION The relationship between membrane order and the functional state of membrane-associated enzymes has been investigated in several organisms (4). Modification of membrane lipid composition has been induced with alterations in the growth temperature (5, 7, 13, 19, 20) and by the addition of various chemical agents to growing cells (18) . The intercalation of lipophilic molecules into the membrane of growing microorganisms would be expected to enhance or interrupt methylene packing of adjacent fatty acyl chains, which would result in an alteration in unsaturation and cyclopropane sites in the membrane lipids (26) , hence altering the saturated/unsaturated fatty acid ratio. These changes would correct for the chemically induced alteration in membrane lipid fluidity and would be expected to alter other functional properties of the cell such as growth and heat sensitivity.
Sodium benzoate was chosen as an additive in this study since it has been shown in growing cells of E. coli to alter membrane fatty acid profiles to give an enhanced saturated/unsaturated fatty acid ratio (18) . Sodium deoxycholate was chosen because of the known effect of sterol molecules in eucaryotic cells to increase the packing density of adjacent fatty acyl chains (25) . Therefore, if deoxycholate is intercalated into bacterial membranes, the organism would require the production of an increased level of unsaturated fatty acid to maintain an optimal degree of fluidity in its membrane lipids. This has been observed in cholesterol-supplemented Tetrahymena (21) and in yeast mutants grown in the presence of saturated fatty acid supplements (12) . Although bacteria in general lack membrane sterols, they will incorporate cholesterol supplements (24, 25) , or they will respond metabolically in a similar manner if they are grown with a trans fatty acid addendum such as elaidic acid, which has a high axial ratio like deoxycholate (10) .
Assuming that the benzoate addendum intercalated in sufficient depth into the bilayer, based upon steric considerations, an interruption in methylene packing would result, causing an elevated saturated/unsaturated fatty acid ratio. The data have confirmed this thesis ( When the same cultures were tested for susceptibility to thermal injury at 48°C by assaying on EMB-NaCl, another indicator of membrane function, the deoxycholate-supplemented cells withstood the thermal stress at 48°C and EMBNaCl one log cycle more effectively than cells given benzoate. This would be expected since promotion of membrane order would be needed to counter the high-energy, fluid state of membrane lipids at the elevated temperature.
Beuchat and Worthington (1) demonstrated that with V. parahaemolyticus the heat sensitivity of the cells decreased as the relative saturated fatty acid component of the membranes increased. These results concurred with those of Hausen (10) with E. coli grown at different temperatures, or in media of graded salt concentrations, and, therefore, with altered membrane compositions. Our results indicate that alteration of the membrane fatty acid composition, along with phospholipid and glyceride changes, induces a decline in viability at 48°C, but the extent to which these compositional changes affect injury varies with the physical properties of the supplement tested.
